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ABSTRACT 
Using a one-dimensional radiative-convective model, we perform a sensitivity study of the effect 
of ozone depletion in the stratosphere on the surface temperature. There could be a cooling of the 
surface temperature by -0.2 K due to chlorofluoromethane-induced ozone depletion at steady 
state (assuming 1973 release rates). This cooling reduces significantly the greenhouse effect due to 
the presence of chlorofluoromethanes. Carbon tetrafluoride has a strong "" band at 7.8 ~o~-m, and the 
atmospheric greenhouse effect is shown to be 0.07 and 0.12 K (ppbv)-1 with and without taking into 
account overlap with CH4 and N20 bands. At concentration higher than 1 ppbv, absorption by the 
v3 band starts to saturate and the greenhouse effect becomes less efficient. 
1. Introduction 
It is well recognized that the thermal structure 
of the earth's atmosphere is influenced by the pres-
ence of trace gases with strong absorption bands in 
the infrared (Goody, 1964; Manabe and Wetherald, 
1967). The main effect of the gases is through the 
absorption of outgoing thermal radiation in the 
atmosphere, followed by re-radiation at local tem-
perature. This leads to an increase in the surface 
temperature, the so-called greenhouse effect. Water 
vapor effectively blocks thermal emission from the 
earth's surface except for the window region be-
tween 7 and 12 p,m. Carbon dioxide and ozone con-
tribute additional atmospheric opacity at 15 and 9.6 
p,m, respectively. These major trace gases, together 
with clouds, are primarily responsible for the earth's 
globally averaged surface temperature being 288 K, 
some 35 K warmer than the effective blackbody 
temperature for the planet. 
The atmosphere also contains a number of minor 
trace gases with strong infrared absorption bands. 
Despite their small concentrations, they have sig-
nificant (or potentially significant) effects on the 
atmosphere's thermal balance (see, e.g., Wang 
et a/., 1976). In this article, we shall concentrate 
on the halogenated compounds CFCI3 , CF2CI2 and 
CF4 • These compounds are currently present in 
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the atmosphere with mixing ratios of order 10-10 , 
with potential for growth to concentrations > 10-9 
due to continued anthropogenic release (see for 
example NAS, 1976; NASA, 1977; Cicerone, 1979). 
Ramanathan (1975) pointed out that the presence of 
a few parts per billion of CFCI3 and CF2CI2 in the 
atmosphere could appreciably warm up the tropo-
sphere and the surface. The radiative feedback on 
the surface temperature due to chlorofl.uoromelhane-
induced ozone depletion was thought to be small. 
We shall investigate the mechanism and magnitude 
of this feedback In light of recent photochemical 
model results on ozone destruction in the lower 
stratosphere (Yung et a/., 1980). In addition, we 
shall also examine the greenhouse effect due to 
CF4 which has a strong band at 7.8 ,urn. 
2. Description of thermal model 
One-dimensional radiative-convective models 
which determine the thermal structure of the atmos-
phere as a result of the balance between the radia-
tive flux and a parameterized convective flux are 
useful tools for climate studies (see, e.g., Schneider 
and Dickinson, 1974). Such models include realistic 
vertical distributions ofradiatively important atmos-
pheric constituents, and can be used to examine the 
roles that these constituents play in determining the 
global mean temperature structure (Manabe and 
Wetherald, 1967; Ramanathan, 1976; Wang et a/., 
1976; Hansen et a/., 1978). They are also useful in 
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TABLE Ia. Comparison of climate sensitivity parameter {3 
for one-dimensional radiative-convective models. FCA is fixed 
cloud altitude, FCT fixed cloud temperature, FAH fixed 
absolute humidity and FRH fixed relative humidity. 
{3 (K) 
FRH, FCT 
FAH FRH FRH and 
and and and Ice-albedo 
Model FCA FCA FCT feedback 
Manabe and Wetherald 
(1967) 65 129* 
Ramanathan (1976) 121 197 
Wang and Lacis (1979) 110 135 188** 
* Wetherald and Manabe (1975) obtained {3 = 114 K with a 
more accurate radiation scheme . 
. ** See Wang and Stone (1980). 
providing first-order estimates for climatic. effects 
associated with perturbations of atmosphenc trace 
constituents. 
To study the radiative effect of 03 depletion in 
the lower stratosphere and the greenhouse effect 
due to carbon tetrafluoride, we adopt the model 
developed by Wang eta!. (1976) and Wang and Lacis 
(1979). In this globally averaged model the atmos-
phere is allowed to reach equilibrium with a time-
marching computational procedure. For the assumed 
atmospheric compositions, global mean surface 
albedo and initial temperature distribution at time t, 
the local radiative heating and cooling rates for solar 
and thermal radiation are computed at each alti-
tude. The net heating rate is then used to determine 
the local temperature at time t + D.t. At any altitude 
where the computed temperature lapse rate is steeper 
than a preassigned value, equal to 6.5 K km- 1 in the 
standard model, it is assumed that convection oc-
curs. The vertical energy flux is such as to establish 
the preassigned lapse rate. Iteration with the time-
marching procedure is continued until energy balan_ce 
is achieved at each level in the atmosphere. Despite 
its simplicity, the model includes a few important 
feedback mechanisms: In the following we discuss 
first the effect of the feedback on the perturbation 
calculations. 
A convenient measure of the influence of the feed-
TABLE lb. Comparison of solar andthermal 
sensitivity parameters. 
dF 
dTs 
Model (W m-2) 
{FCT 1.37 Ramanathan (1976) FCA 2.25 
!FCT 1.70 Wang and Lacis (1979) FCA 2.39 
So da 
--
4 dTs 
(W m-2) 
-0.24 
-0.24 
0.04 
-0.24 
back on the sensitivity of the global climate model 
is the parameter defined as ( cf. Schneider and 
Dickinson, 1974) 
dT,, 
{3 =So dS ' (1) 
where Sis the solar constant and So = 1365 W m-2 
is the present value of s; r. is the computed global 
mean surface temperature. Table 1a shows the effect 
of the feedbacks on the sensitivity of the different 
models. Manabe and Wetherald (1967) were the first 
to assume that the relative humidity of the atmos-
phere would remain fixed during climate perturba-
tion studies. Thus, if the temperature increases in a 
perturbation calculation, the absolute humidity also 
increases, causing a substantial positive feedback 
of -2.0. More elaborate radiative calculations 
(Wang et a!., 1976; Wang and Lacis, 1979) confirm 
this, with a smaller feedback factor of -·1.6. Because 
of the moders inability to predict cloudiness feed-
back effects, it is generally assumed either fixed 
cloud altitude (FCA) or fixed cloud temperature 
(FCT) for perturbation calculations. Wang and L_acis 
(1979) have shown that the value for f3 obtamed 
under the latter assumption is about a factor of 1.2 
larger than that obtained under the former assump-
tion. On the other hand, Ramanathan (1976) ob-
tained a much larger value, 1.6. To see why, we re-
write Eq. (1) so that f3 is expressed in terms of the 
thermal sensitivity parameter dF/dTs and the solar 
sensitivity parameter ( S 0 /4)( d a.ldT.) as 
F 
f3 = dF Soda. ' 
-+--
(2) 
dTs 4 dTs 
where a. is the planetary albedo and F the outgoing 
thermal flux at the top of the atmosphere. This equa-
tion is derived directly from the eondition that 
S0(1 - a.) = 4F at the top of the. ~t~osphere. 
Values of the thermal and solar senmtivtty param-
eters for the two models are given in Table lb. Most 
of the contribution to f3 comes from the thermal 
sensitivity parameters. For the FCA parameteriza-
tion the two models agree well. However, the 
models differ significantly for the FCT parameteriza-
tion. This is caused primarily by the different treat-
ment of clouds in the two models (Ramanathan, 
personal communication). For example, Wang e_t a_l. 
(1976) and Wang and Lacis (1979) used real~stic 
cloud spectral data for radiative transfer c_alculations 
while Ramanathan assumed gray clouds m the solar 
region and black clouds in the thermal region. 
Furthermore, Wang and Lacis' model allows both 
cloud top and base altitudes to mov'e if the surface 
temperature is perturbed. In this treatment,. ~he 
solar sensitivity parameter will have a small posttlve 
value instead of a negative value of 0.24 found for 
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the FCA parameterization. The reason is that both 
the cloud altitude and atmospheric water vapor 
amount increase as surface temperature increases. 
But these changes have a partially compensating 
effect on the planetary albedo with the former in-
creasing the albedo and the latter decreasing it. The 
net effect yields a small positive solar sensitivity 
parameter for the FCT parameterization. Overall, 
in Wang and Lacis' model both thermal and solar 
sensitivity parameters contribute to smaller model 
sensitivity value {3. In fact, this result also partially 
explains the large difference found between the two 
models for the study of the radiative effect of a fac-
tor of 20 increase in the atmospheric chlorofluoro-
methanes (CFM's) (cf. Ramanathan, 1975; Wang 
eta/., 1976). After including the band strength tem-
perature dependence of the CFM's2 in the Wang and 
Lacis' model, we find that the greenhouse effect of 
CFM's is 0.69 K which is larger than previously 
reported 0.56 K (see Wang et a/., 1976). However, 
this value is still smaller than 0.9 K computed by 
Ramanathan ( 1975), primarily because of the differ-
ences in model sensitivity. The ice-albedo feedback 
can also be readily incorporated into the model with 
a procedure described by Wang and Stone (1980). 
The net result is to further enhance the tempera-
ture perturbation by a factor·of 1.4 (see Table Ia). 
All feedback mechanisms we have discussed so 
far enhance the perturbation calculations. Recently, 
it has been shown that the radiative perturbation 
can be reduced by ~ 30% if the moist adiabatic lapse 
rate is used instead of a constant 6.5 K km- 1 lapse 
rate (Wang and Lacis, 1979). In addition, the impor-
tant cloud amount feedback is neglected in all the 
models. Nevertheless, they must wait for better 
understanding of the physical processes which con-
trol the feedbacks. In the present study, unless 
otherwise stated, we assume fixed relative humidity, 
fixed cloud altitude and no ice-albedo feedback in 
all present computations. The values for aT., we 
calculated should be multiplied by a factor 2.0 if we 
make the assumption of fixed cloud temperature 
(Cess, 1975) with ice-albedo feedback. 
3. Radiative effects due to ozone depletion in the 
stratosphere 
It is worthwhile first to examine the role which 
ozone plays in determining the earth's atmospheric 
thermal structure. Ozone has important absorption 
bands in the ultraviolet, visible and infrared. 
Absorption of solar radiation in the Hartley, Hug-
gins and Chappuis bands provides a major source 
I 
2 Ramanathan (personal communication) points out that the 
CFM band intensities employed in Wang eta/. (1976) are meas-
ured at a temperature T = 300 K. Hence, calculations that neg-
lect the temperature dependence underestimate the greenhouse 
effect. 
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FIG. I. Sensitivity of surface temperature change !:! T, to 
changes in 0 3 concentration for midlatitude and tropical atmos-
pheres. The curves are obtained by comparing the surface tem-
perature T8 in a standard run with ones in which 50% of the Oa 
has been removed from selected narrow altitude ranges. l:!Oa 
refers to local 0 3 changes (cm-atm). 
of heating to the middle and upper stratosphere. 
In the infrared, two strong bands at 9.6 and 14 fLm 
serve to cool the upper atmosphere and to provide 
a greenhouse effect for the lower atm'osphere. Using 
our model, we have calculated the separate solar 
and thermal effects of 0 3 in determining the surface 
temperature for a typical midlatitude atmosphere. 
To do this, we simply exclude the 0 3 radiative con-
tribution to the thermal cooling and solar heating, 
respectively, in computing the thermal structure. 
It is found that compared to the case with both solar 
and thermal effects included, neglecting the strong 
thermal greenhouse effect causes the surface tem-
perature to decrease by 2.6 K while omitting the 
solar effect warms up the surface by only 0.2 K. 
The surface temperature is also sensitive to boththe 
vertical distribution and the column abundance of 
0 3 (Manabe and Wetherald, 1967; Ramanathan et 
a/., 1976; Wang and Lacis, 1979). 
It has been recognized that chlorofluoromethane-
induced ozone depletion in the stratosphere can 
lower local temperatures by as much as 10 K 
(Ramanathan et al., 1976; Chandra et al., 1978). 
But the effect on surface temperature due to deple-
tion of stratospheric 0 3 is much smaller. The 
reasons will become clear from the following sen-
sitivity analysis. Fig. 1 shows a sensitivity study of 
the surface temperature as a function of 0 3 per-
turbations at various altitudes for a midlatitude and 
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FIG. 2. Perturbations of thermal structure and 0 3 concentra-
tions at steady state due to continued release of chloroftuoro-
methanes at 1973 rates. Case B includes 0 3 destruction due to 
the CION02 cycle. Case C includes both the CION02 and the 
BrO-CIO cycles. Case A does not include either of the two new 
cycles. Note that the temperature scales for !lT > 0 and 
!l T < 0 are different. 
a tropical atmosphere. The graph is obtained by 
comparing the surface temperature T, in a stanqard 
run with ones in which 50% 0 3 has been removed 
from selected narrow altitude ranges. In general, 
the surface temperature is more sensitive to changes 
in Oa concentration in the tropics because the tropi-
cal atmosphere has a higher surface temperature and 
a smaller column 0 3 amount compared to the mid-
latitude atmosphere. Both factors contribute to 
larger greenhouse effect. In subsequent computa-
tions, we choose the midlatitude atmosphere as 
representative of a globally averaged model. It is 
_clear that on a per molecule basis, ozone changes 
in the lower stratosphere are most effective in caus-
ing a surface temperature change. These restilts 
indicate that large perturbations in the 0 3 profile 
might affect the surface temperature. For this pur-
pose, we will first study the effect of 0 3 depletion 
in the atmosphere caused by increases of CFCl3 and 
CF2Cl2. 
The present day concentrations of CFCl3 and 
CF2Cl2 in the atmosphere are taken to be 0.1 and 
0.2 ppbv, respectively (NASA, 1977). To examine 
the effect due to increases in chlorofluoromethanes, 
we assume that CFC13 and CF2Cl2 are continually 
released at 1973 rates. At steady-state (~year 2030), 
the atmosphere would contain ~0.8 and 2.3 ppbv of 
CFCl3 and CF2Cl2, respectively. The greenhouse 
effect associated with such increases in chloro-
fluoromethane concentrations is 0.32 K. Using our 
one-dimensional photochemical model with the set 
of photochemical reactions recommendled by NASA 
(1977), the perturbed 03 profile is calculated and 
given in Fig. 2 (curve A): Our results are similar 
to those obtained by previous workers (Chang, 1976; 
Logan eta/., 1978). The total column ozone reduc-
tion for this case is 15%. 
Curve B represents an update oif the photo-
chemical model by including the following catalytic 
cycle for ozone destruction (Barker et at., 1979) 
ClO + N02 ~ ClON02 
ClON02 + hv ~ Cl + N03 
N03 + hv ~ NO + 0 2 
NO + 0 3 ~ N02 + 02 
Cl + 03 ~ ClO + 02 
Net 
The total cohimn ozone reduction is 18%. Com-
pared to curve A, the 0 3 depletions in the lower 
stratosphere are increased by 40%. Curve C repre-
sents the results obtained by including the effects 
of bromine in addition to the ClONO:~ cycle (Yung 
et a/., 1980). The main catalytic cycle for 0 3 de-
pletion is -
BrO + ClO ~ Br + Cl + 0 2 
Br + 0 3 ~ BrO + 0 2 
Cl + 0 3 ~ ClO + 02 
Net 
The inclusion of these two additional cycles results 
in a significant reduction of 0 3 in the lower strato-
sphere while the total column reduction is ~20%. 
Fig. 2 also shows the changes in the thermal pro-
flle Jl.T for the three cases. When taking into ac-
count both the effects of chlorofluoromethanes and 
ozone depletions as calculated by curve C, the net 
effect on the surface temperature is small, as sum-
marized in Table 2. The greenhouse effects due to 
TABLE 2. The change in surface temperature !lT8 due to the 
presence of chlorofluoromethanes (CFM's) at steady state with 
and without feedback due to ozone perturbations as described 
in Fig. 2. All values for flTs were computed under the 
assumptions of fixed relative humidity, fixed cloud altitude and 
no ice-albedo feedback. For the more reali!;tic assumption of 
fixed cloud temperature with ice-albedo feedback, each number 
must be multiplied by a factor 2. 
Assumptions 
CFM's alone 
CFM's + curve A* 
CFM's + curve B* 
CFM's + curve C* 
!lT.(K) 
0.32 
0.21 
0.15 
p.12 
* The curves refer to ozone perturbations in Fig. 2. 
FEBRUARY 1980 WANG, PINTO AND YUNG 337 
bromine compounds such as CF3Br are found to be 
small for concentrations < 1 x 10-10 (present con-
centration -10-u ). 
4. Greenhouse effect of carbon tetrafluoride 
Carbon tetrafluoride has recently been detected 
in the atmosphere, (Rasmussen et al., 1979). The 
mean concentration is about 60 pptv, a value that is 
comparable to the present day concentration of 
CFCl3 and CF2CI2 • CF4 is almost inert in the 
atmosphere; Cicerone (1979) estimated a lifetime 
exceeding 10 000 years, and it is unlikely that the 
lifetime can be shorter than 1000 years. While the 
exact nature of the sources of CF4 are highly un-
certain, it is clear that its production is· related to 
some industrial processes. Possible major sources 
are associated with aluminum refining and steel-
making (Cicerone, 1979; Rasmussen et al., 1979). 
It should be noted that both these processes depend 
upon the availability of non-renewable resources. 
According to Meadows et al. (1974), reserves of high 
grade aluminum and iron ores could be exhausted 
by the years 2020 and 2045, assuming average growth 
rates of 5.5 and 1.8% per year, respectively. Based 
on these projections, we have estimated the maxi-
mum concentrations of CF4 to be 0.3 and 2.7 ppbv, 
respectively.3 This has been done by assuming that 
the present CF4 abundance is derived from the in-
tegrated past productions of aluminum or steel and 
then multiplied by the fractional amount of ore not 
yet mined. We have also made the simplistic assump-
tion that the quantum yield of CF4 in future in-
dustrial production of aluminum and steel remains 
the same as today's. 
The infrared spectrum of CF4 has been measured 
from 2-33 JLm by Woltz and Nielsen (1952). Alto-
gether six bands were observed in this region. The 
one which contributes most to the greenhouse effect 
is the 7.8 JLm v3 band (centered at 1282.6 cin-1) 
simply because it is located inside the w!ndow region 
and has the largest band intensity. The other bands 
contribute at most a few percent to the total green-
house effect. Levin and Lewis (1970) studied the v3 
band and estimated the total intensity to be 4174 
± 45 cm-2 atm-1• Saeki et al. ( 1976) measured a 
value of 5934 ± 170 cm-2 atm-1 for the same 
band. More recently, Goldman et al. (1979) ob-
served this band and estimated the intensities for 
the Q branch and the total band to be 1520 and 4500 
cm-2 atm-1 , respectively. This band is extremely 
narrow with total band wjdth -5 cm-1• In the present 
3 I. Sobolev (personal communication) of Kaiser Aluminum 
points out that the reserve of high-grade aluminum ore may be 
more abundant than Meadows et a/. (1974) estimate. However, 
even assuming a 10% growth rate for the aluminum industry, 
the CF4 accumulations in the atmosphere would be of the order 
of a few ppbv in the next 50 years. 
study, we use the Saeki et a/. data to calculate a 
maximum greenhouse effect. Because CH4 and N 20 
also have absorption bands in the spectral region, 
we compute the greenhouse effect due to CF4 with 
and without including the overlapping effect. It is 
found that the greenhouse effect due to the presence 
of CF4 in the earth's atmosphere is 0.07 K (ppbv)-1 
if the. overlapping effect is included. The omission 
of overlapping effect increases the greenhouse effect 
to 0.12 K (ppbv)-1 • In these computations, we have 
employed the optical thin (weak line) approximation 
(Goody, 1964). Because of the extremely narrow 
band width of the v3 band, this approximation will 
not be valid for concentrations > 1 ppbv. However, 
the greenhouse effect (K) due to higher concentra-
tions of CF4 can be approximately expressed as 
aT. = 0.07 -- , [ CF
4 ]
112 
. (CF4)o 
where (CF4)0 = 1 ppbv. 
5. Conclusions 
We have shown that there could be strong radia-
tive effects associated with ozone perturbations in 
the lower stratosphere. Results from an updated 
photochemical model (Yung et a/., 1980) suggest 
that 0 3 depletions in the lower stratosphere could 
be somewhat larger than predicted by previous 
models. This raises the interesting possibility of a 
substantial cooling of the troposphere. However, 
we must emphasize that our results critically depend 
on the detailed photochemistry for the lower strato-
sphere, which is subject to a range of uncertainties, 
as discussed by Yung eta/. In contrast, the calcula-
tions for greenhouse effects of the halogenated 
methanes involve fewer assumptions and, hence, 
depend relatively less on the detailed modeling of 
the atmosphere. Even so, the region of upper tropo-
sphere and lower stratosphere remains to be the 
most complicated region to model as well as the most 
crucial region for troposphere climate studies. 
Further studies should address the problem with 
coupled dynamics, radiation and photochemistry 
in this region. 
The most serious problem with CF4 is its extremely 
long lifetime and, hence, its potential for accumula-
tion in the atmosphere. At levels -I ppbv the green-
house effect becomes marginally important. If the 
primary source of CF4 is derived from the aluminum 
and steel industry our simple scaling argument sug-
gests that the greenhouse effect will not reach 
catastrophic proportions in the near future. Hence, 
it is important to make definitive identification of 
the origin of atmospheric CF4, its growth rate, and 
the quantum yield of CF4 associated with various 
industrial processes. 
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